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MEMS Fabrication on a Laminated Substrate 

Cross-Reference to Related Applications 

[001] This application claims priority to U.S. provisional application serial no. 60/437,209, 
filed December 31, 2002, which is fully incorporated herein by reference. 

Field of the Invention 

[002] The invention relates generally to Micro-Electro-Mechanical Systems (MEMS), and 
more particularly to the substrate independent fabrication of MEMS structures and related 
systems on a laminated substrate. 

Background Information 

[003] A radio frequency (RF) micro-electro-mechanical system (MEMS) provides lower 
power, higher performance, wider tuning range, and a freedom of integration which traditional 
RF components cannot. RF MEMS switches are basic building blocks for a variety of RF 
circuitry. These switches offer better RF performance, lower insertion loss and more isolation 
than their semiconductor counterparts such as field effect transistors (FETs) and PIN diodes. In 
addition, RF MEMS switches can operate at low power levels with a high degree of linearity and 
very low signal distortion. These features make RF MEMS switches very attractive for RF 
applications such as radar and communications. Indeed, RF MEMS circuits including variable 
capacitors, tunable filters, on-chip inductors and phase shifters built upon RF MEMS switches 
have demonstrated superiority over semiconductor devices. 

[004] RF MEMS switches can be classified into two types: resistive series and capacitive 
shunt switches. Both are typically fabricated on expensive semiconductor substrates such as 
gallium arsenide (GaAs), high-resistivity silicon, quartz or alumina due to the limitations of 
existing fabrication processes. The switches are then packaged and integrated into RF systems as 
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discrete components since the substrates are generally incompatible with other RF elements. The 
discrete component packaging costs for RF MEMS switches are much higher than semiconductor 
switches and therefore, even though the fabrication cost of an individual switch is low due to 
batch processing, a discretely packaged RF MEMS switch component is expensive compared to 
the semiconductor switch alternatives. 

[005] Furthermore, the lack of a component-to-component compatible substrate typically 
requires the integration of all RF discrete components and circuits on a system module board. 
The RF MEMS switch, in addition to the other RF components such as antennas, phase delay 
lines and tunable filters, are attached and interconnected on the module board. The board-to- 
package external connections, as well as the switch-to-package connections internal to the RF 
MEMS switch add undesirable RF, capacitive and inductive effects which degrade system 
performance. As a result of these connections, the RF system requires additional matching 
circuits to reduce the unwanted signal reflections occurring as a result of unmatched connections. 
However, the matching circuits take up additional area and do not solve the matching problems 
entirely and also add cost and design overhead to the system. 

Summary 

[006] The present invention is directed to systems and methods that allow fabrication of 
MEMS structures and related systems directly on a laminated substrate. In one innovative aspect 
of the present invention, a micro-mechanical device includes a first member composed of a 
conductive material and formed on a laminated substrate, an actuatable member also composed 
of a conductive material, and having a first end and a second end, wherein the first end is coupled 
with the first conductive member and the second end is suspended above a second member and 
configured to move in relation to the second member and the second member being formed on 
the substrate and configured to induce movement of the actuatable member. Movement of the 
actuatable member can be induced by electrostatic, electro-magnetic or thermal forces. The 
second member can be covered with an insulator material so that movement of the actuatable 
member can result in capacitive coupling between the actuatable member and the second 
member. 
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[007] In another innovate aspect of the invention, a method for fabricating the micro- 
mechanical device directly on a laminated substrate is provided. In one preferred embodiment, 
this method includes forming a first conductive member on the laminated substrate, increasing 
the energy of a plasma by inductively coupling radio frequency energy into the plasma to create a 
higher energy plasma and depositing an insulator layer on the first conductive member with a 
plasma enhanced chemical vapor deposition process using the higher energy plasma at a 
temperature below the maximum operating temperature of the substrate. 
[008] The present invention also provides for an innovative process for molding a polymer 
layer. This process includes depositing a polymer layer over the substrate and molding the 
polymer layer with a mold. In one preferred embodiment, the spacers are distributed onto the 
substrate, the temperature of the polymer is elevated and pressure is applied to the mold to 
planarize the surface of the polymer. The polymer is cooled and the mold is removed, leaving a 
planarized surface which can serve as a form on which the actuatable member can be 
constructed. 

[009] In yet another innovative aspect of the present invention, a three-dimensional multiple 

frequency antenna is provided for. This antenna includes a first conductive layer formed in a 

semi-circular pattern horizontally on a first side of a substrate, a second conductive layer formed 

horizontally on a second side of the substrate, including a horizontal wall portion having a first 

length, a horizontal slot portion having a second length greater than the first length, wherein the 

second length corresponds to a first resonant frequency, a first vertical wall portion having a third 

length, a second vertical wall portion having a fourth length, wherein the first and second vertical 

walls are coupled with the first and second layers and a vertical slot portion having a fifth length 

greater than the sum of the third and fourth lengths, wherein the fifth length corresponds to a 

second resonant frequency. In yet another innovative aspect, the antenna can be electrically 

coupled with a coplanar waveguide and a micro-mechanical device that can be used to alter the 

electrical properties of either the coplanar waveguide, the antenna or both. In another innovative 

aspect of the invention, the antenna and the micro-mechanical device as well as additional 

components can be integrated and fabricated together on the same laminated substrate. 

[010] Other systems, methods, features and advantages of the invention will be or will 

become apparent to one with skill in the art upon examination of the following figures and 
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detailed description. It is intended that all such additional systems, methods, features and 
advantages be included within this description, be within the scope of the invention, and be 
protected by the accompanying claims. 

Brief Description of the Figures 

[Oil] The details of the invention, including fabrication, structure and operation, may be 
gleaned in part by study of the accompanying figures, in which like reference numerals refer to 
like parts. The components in the figures are not necessarily to scale, emphasis instead being 
placed upon illustrating the principles of the invention. Moreover, all illustrations are intended 
to convey concepts, where relative sizes, shapes and other detailed attributes may be illustrated 
schematically rather than literally or precisely. 

[012] FIG. 1A depicts a top view of one exemplary embodiment of an RF MEMS system 
fabricated in accordance with the low temperature deposition process of the present invention. 
[013] FIG. IB depicts a side sectional view of the RF MEMS system shown in FIG. 1A 
and taken along line IB-IB of FIG. 1A. 

[014] FIG. 2 depicts a top view of another embodiment of an RF MEMS system fabricated 
in accordance with the low temperature deposition process of the present invention. 
[015] FIG. 3 A depicts a top view of another embodiment of an RF MEMS system 
fabricated in accordance with the low temperature deposition process of the present invention. 
[016] FIG. 3B depicts a side sectional view of the RF MEMS system shown in FIG. 3 A 
and taken along line 3B-3B of FIG. 3 A. 

[017] FIG. 3C depicts a side sectional view of the RF MEMS system with the actuatable 
member in the down position. 

[018] FIG. 4 depicts a flow chart of one embodiment of a low temperature deposition 
process of the present invention used to fabricate RF MEMS systems. 

[019] FIG. 5 depicts a plan view of one embodiment of a deposition tool that can be used to 
deposit an insulator layer on a substrate using the low temperature deposition process of the 
present invention. 
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[020] FIG. 6A depicts an elevation view of a typical PCB substrate prior to processing. 
[021] FIG. 6B depicts an elevation view of a PCB substrate after the transmission line has 
been etched into its top metal layer. 

[022] FIG. 6C depicts an elevation view of the PCB substrate after an insulator layer has 
been deposited using the low temperature deposition process of the present invention. 
[023] FIG. 6D depicts an elevation view of the PCB substrate after the insulator layer has 
been etched away. 

[024] FIG. 6E depicts an elevation view of the PCB substrate after a polymer layer has 
been deposited over the top surface. 

[025] FIG. 6F depicts an elevation view of the substrate after the polymer layer has been 
planarized according to planarization process of the present invention. 

[026] FIG. 6G depicts an elevation view of the substrate after the polymer layer is patterned 
to form a mold for a conductive actuatable member. 

[027] FIG. 6H depicts an elevation view of the substrate after a conductive layer is 
deposited over the substrate. 

[028] FIG. 61 depicts an elevation view of the substrate after the conductive layer is etched 
to define the actuatable member and the remaining polymer layer is removed to leave the 
actuatable member isolated above a signal line. 

[029] FIG. 7A depicts an elevation view of the PCB substrate after the polymer layer is 
deposited over the substrate. 

[030] FIG. 7B depicts an elevation view showing spacers placed on the substrate for use in 
the planarization process of the present invention. 

[031] FIG. 7C depicts an elevation view of a mold used to mold and planarize the polymer 
layer to a desired height as determined by the size of the spacers. 

[032] FIG. 7D depicts an elevation view of the planarized layer after the mold is removed. 
[033] FIG. 8 depicts a flow chart of another embodiment of the planarization process of the 
present invention. 

[034] FIG. 9 depicts a flow chart of another embodiment of a switch fabrication process of 
the present invention. 
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[035] FIG- 10 depicts an isometric view of one embodiment of an integrated RF system of 
the present invention. 

[036] FIG. 11A depicts a top view of one embodiment of an upper layer of the RF system 
shown in FIG. 10. 

[037] FIG. 11B depicts a top view of one embodiment of an upper layer of the RF system 
shown in FIG. 10. 

[038] FIG. 12A depicts an elevation view of an embodiment of a co-planar waveguide 

(CPW) where ground planes are roughly the same width as a signal line. 

[039] FIG. 12B depicts an elevation view of a similar embodiment to FIG. 12A with the 

exception of the ground planes being coupled to a bottom metal layer by vias through a dielectric 

layer. 

[040] FIG. 12C depicts an elevation view of an embodiment of a CPW where ground 
planes are much wider than a signal line. 

[041] FIG. 12D depicts an elevation view of a similar embodiment to FIG. 12C with the 
exception of the ground planes being coupled to a bottom metal layer by vias through a dielectric 
layer. 

[042] FIG. 13 A depicts an elevation view of a PCB substrate after a bottom patch and 
vertical walls are formed using standard PCB processing. 

[043] FIG. 13B depicts an elevation view of the PCB substrate after an upper patch and a 

transmission line has been etched, and the insulator layer has been deposited over the PCB 

substrate using the low temperature deposition process of the present invention. 

[044] FIG. 13C depicts an elevation view of the substrate after a polymer layer has been 

planarized according to the planarization process of the present invention. 

[045] FIG. 13D depicts an elevation view of the PCB substrate after the deposition and 

etching of an actuatable member. 

[046] FIG. 13E depicts an elevation view of the final structure of an integrated RF system 
of the present invention. 

[047] FIG. 14 depicts a flow chart of one embodiment of an integrated fabrication process 
of the present invention. 
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Detailed Description 

[048] The systems and methods described herein provide for the fabrication of micro- 
electro-mechanical system (MEMS) components and, as described below, other related system 
components, on a substrate using a low temperature deposition process. More specifically, the 
MEMS component can be fabricated on a substrate, such as a printed circuit board (PCB), which 
would normally be damaged from the high temperatures accompanying typical deposition 
processes. This is because the deposition process of the present invention takes place at a 
temperature below the maximum temperature of the substrate. As a result, a MEMS component 
does not require discrete packaging prior to placement on the substrate. This simplifies the 
overall fabrication and design processes of a system formed on a low temperature substrate that 
includes one or more MEMS components and other related system components. 
[049] The systems and methods described herein apply to all types of MEMS systems 
including radio frequency (RF) MEMS systems. In accordance with the present invention, many 
MEMS components can be fabricated and integrated together on a single substrate without 
burdensome discrete packaging, simplifying the overall system design and enhancing the system 
performance. The elimination of discrete packaging allows for increased component density and 
also eliminates the added impedance derived from the discrete package and its various 
interconnects. The direct integration of MEMS components onto the board also eliminates the 
need for additional matching circuits. Furthermore, a MEMS component can be integrated with 
other devices fabricated directly on the substrate, such as an antenna, again resulting in enhanced 
system performance. 

[050] In order to facilitate the following discussion, the systems and methods described 
herein will be discussed in the context of an RF application. It is understood, however, that these 
systems and methods can be used in conjunction with any application where a MEMS 
component, or any other component that requires an insulation layer is placed directly on a low 
temperature substrate. These other components include, but are not limited to tunable filters and 
inductors, tunable RF matching circuits, variable capacitors, inductors and the like. Furthermore, 
the MEMS component does not necessarily require electrical functionality and could be 
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described as a micro-mechanical component as well. However, to facilitate discussion, the 
various micro-mechanical components will be described as MEMS components with the 
intention that this does not limit these components to any one type of functionality. 
[051] Referring in detail to the figures, FIG. 1A depicts a top view of one exemplary 
embodiment of an RF MEMS system 100 fabricated using the low temperature deposition 
process of the present invention. The RF MEMS system 100 preferably includes an RF MEMS 
component 102, which can be a capacitive shunt switch fabricated on a low temperature substrate 
1 14 such as a PCB substrate or the like. FIG. IB depicts a side sectional view of the switch 102 
taken along line IB- IB of FIG. 1A. In this embodiment, the switch 102 includes a transmission 
line 104 having three conductive members 105, 106 and 108. Transmission line 104 is 
commonly referred to as a coplanar waveguide (CPW). A conductive RF signal line 105 is 
located on the substrate 1 14 and includes an insulator layer 1 12, which substantially covers the a 
portion of the conductive signal line 105. The two ground planes 106 and 108 are located on 
opposite sides of the signal line 105. An actuatable member 1 10 is conductively coupled to the 
ground planes 106 and 108 and extends over and is suspended above the signal line 105 in 
spaced relation thereto. The signal line 105 and ground planes 106 and 108 are fabricated at 
substantially the same height and the signal line 105 and ground planes 106 and 108, as well as 
the actuatable member 1 10 are all composed of a conductive material, such as aluminum or 
copper and the like. 

[052] In a preferred embodiment, the ground planes 106 and 108 are electrically coupled 
together and placed at a single electrical potential, preferably ground. The RF signal line 105 is 
electrically isolated from the ground planes 106 and 108 and is preferably placed at a separate 
electrical potential, either static or time-varying. When the difference in potential between the 
signal line 105 and the ground planes 106 and 108 becomes sufficiently great, the switch 102 
switches, or closes. More specifically, when the switch 102 switches to the closed down state, 
the actuatable member 110 physically moves towards the signal line 105 across a gap 118 and 
physically contacts the insulator layer 1 12. This capacitively couples the actuatable member 1 10 
with the signal line 105. 

[053] The insulator layer 112 insulates the signal line 105 and blocks any direct current 

(DC) from flowing between the signal line 105 and the actuatable member 1 10 when they are in 
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proximity with each other or physically coupled together. The nature of the capacitive coupling 
allows time-varying current to pass between the signal line 105 and the actuatable member 110, 
which alters the electrical characteristics of the transmission line 104, such as the resonant 
frequency. The insulator layer 112 preferably covers the signal line 105 sufficiently so that the 
DC remains blocked. As depicted in FIG. 1 A, the insulator layer 1 12 is preferably deposited 
over a length of the signal line 104 that is greater than the width 116 of the actuatable member 
1 10 in order to protect the switch 102 from any variances in the placement of the actuatable 
member 110, either during fabrication or during switching, which could result in DC flow. 
[054] The difference in potential that is sufficient to capacitively couple the signal line 105 
with the actuatable member 1 10 is referred to as the switch potential or actuation potential. The 
switch potential can be varied depending on the needs of the application. The switch potential 
can be directly related to the rigidity of the actuatable member 1 10, the size of the gap 1 18 or the 
distance between the member 110 and the signal line 105. In general, the switch potential 
increases as both the rigidity of the actuatable member 110 increases or the gap 118 between the 
actuatable member 110 and the signal line 105 increases. The rigidity of the actuatable member 
1 10 can be varied by using more or less rigid materials in fabrication, or by otherwise altering the 
surface, structure or dimensions of the actuatable member 1 10. The switch 102 allows a higher 
switch potential (on the order of 20V and greater) than typical switches because the elevated 
structure of the actuatable member 1 10 is a physically more rigid design. 
[055] In another embodiment, the signal line 105 is formed at a lower height than the two 
ground planes 106 and 108, and the actuatable member 1 10 lies suspended between the two 
ground planes 106 and 108 and is at substantially the same height as the two ground planes 106 
and 108. In a more simple embodiment, only one ground plane 106 is present in the substrate 
plane and one end of the actuatable member 1 10 is electrically coupled to that ground plane 106, 
while the other end extends over and is left suspended above the signal line 105. Another ground 
plane can be placed in a separate substrate plane if desired.. These embodiments generally 
provide a less rigid actuatable member 110. 

[056] In this embodiment, the switch 102 operates by way of the electrostatic forces 
generated between the actuatable member 110 and the signal line 105. Signal line 105 induces 
movement of the actuatable member 110 through electrostatic attraction, which pulls the 
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actuatable member 110 into proximity with the signal line 105 to close the switch 102. 
Conversely, the switch 102 is opened either by generating an electrostatic repulsion between the 
member 1 10 and the line 105, or by reducing the electrostatic attraction to such a degree where 
the physical rigidity of the actuatable member 110 operates to recoil the actuatable member 110 
to an open position. The switch 102 is not limited to electrostatic operation however. The 
switch 102 can also implement electro-magnetic forces to induce movement of the actuatable 
member 110, where the closed switch 102 alters the magnetic coupling between the actuatable 
member 110 and another member. 

[057] In another embodiment, movement of the actuatable member 1 10 is induced by 
thermal effects, such as through the relative change in thermal expansion between two or more 
members. For instance, the actuatable member 1 10 can be made to move by thermal expansion 
resulting from the heating of the actuatable member 1 1 0. Alternatively, a member in proximity 
with the actuatable member 1 10 can physically move the actuatable member 1 10 by thermally 
expanding and retracting as a result of the amount of heat applied to that member. 
[058] FIG, 2 depicts a top view of another embodiment of a switch 102 fabricated using the 
low temperature deposition process of the present invention. In this embodiment, the member 
1 10 is preferably T-shaped with an outcropping 120 that extends longitudinally along the signal 
line 105. This embodiment can be implemented in an application that requires a lower switch 
potential because, due to cantilever effects, the structural resistance to displacement by the 
actuatable member 1 10 is decreased by the addition of the outcropping 120. Also, the amount of 
surface area of the actuatable member 110 which is in proximity with the signal line 105 is 
increased, and therefore the switch potential needed to attract the actuatable member 1 10 is 
decreased. In this embodiment, the outcropping 120 will capacitively couple with the signal line 
105 before the remainder of the actuatable member 110, thus allowing capacitive coupling to 
occur even when only the outcropping 120 is in physical contact with the signal line 105. This 
embodiment tends to illustrate how varying the structure of the actuatable member 1 10 can vary 
the switch potential. However, one of ordinary skill in the art will readily recognize that there are 
numerous methods in addition to this for varying the switch potential. 

[059] FIG- 3 A depicts a top view of another embodiment of a switch 102 fabricated using 

the low temperature deposition process of the present invention. In this embodiment the switch 
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102 is a resistive switch and includes bias pads 300, 302, a transmission line 304, which in this 
embodiment is a microstrip line, and a ground plane 310 located on the opposite side of substrate 
1 14. FIG. 3B depicts a side sectional view of the switch 102 taken along line 3B-3B of FIG. 
3A. In this embodiment, the bias pad 300 is not at the same height as the bias pad 302 and 
transmission line 304. Furthermore,, an actuatable member 306 is electrically coupled to only 
bias pad 300, and extends over the bias pad 302 as well as the transmission line 304. In this 
embodiment, each of the bias pads 300 and 302 and the transmission line 304 are electrically 
isolated while the actuatable member 306 remains in the up or open position as depicted in 
FIG. 3B. 

[060] The switch potential of the actuatable member 306 is the difference in electrical 
potential between the two bias pads 300 and 302, which is sufficient to move the actuatable 
member 306 into electrical contact with the transmission line 304. Therefore, the switch 102 
switches when the switch potential is sufficient to move the actuatable member 306 into 
proximity with the bias pad 302 and transmission line 304, such that the actuatable member 306 
is in direct electrical contact with the transmission line 304. Bias pad 302 capacitively couples 
with actuatable member 306 through insulator layer 308, as depicted when the switch 102 is in 
the down or closed position in FIG. 3C. In other embodiments, bias pad 302 can be formed at a 
lower height than the transmission line 304, such that the bias pad 302 never physically contacts 
the actuatable member 306. 

[061] Because the insulator layer 308 is only deposited over the bias pad 302 and not the 
transmission line 304, the bias pad 300 and the transmission line 304 are brought to the same 
potential and DC can flow between these two members. Although in this embodiment, the 
actuatable member 306 is physically coupled with the bias pad 302, the two are only capacitively 
coupled and no direct current can flow between them. It is important to note that these 
embodiments are only a few examples of the switch 102 and are not exhaustive. One of ordinary 
skill in the art will readily recognize that numerous embodiments of the switch 102 may be 
implemented with the systems and methods described herein. 

[062] FIG. 4 depicts one preferred embodiment of the low temperature deposition process 

400 of the present invention, which is preferably used to fabricate the switch 102 described 

above. In this example embodiment, the deposition process 400 is a low-temperature, high- 
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density inductively coupled plasma enhanced chemical vapor deposition process (HDICP CVD). 
This process can deposit the insulator layer 1 12 at a temperature below the maximum operating 
temperature of the substrate 114. To facilitate discussion of the systems and methods herein, low 
temperature deposition process 400 will be described in the context of an HDICP CVD process, 
however, any deposition process that occurs at a temperature below the maximum operating 
temperature of the substrate can be used. 

[063] In one embodiment, the substrate 1 14 is a laminated PCB substrate. If the PCB 
substrate 1 14 is exposed to temperatures above its maximum operating temperature, the PCB 
substrate 1 14 will begin to degrade and deform. The physical integrity of the various layers of 
the PCB substrate 1 14 will breakdown and the PCB substrate 1 14 will no longer operate as 
intended, if at all. For instance, metal planes and metal lines in the PCB substrate 114 can each 
experience hillocking, i.e., defects within the metals that are manifested at high temperatures. 
[064] The maximum operating temperature of the PCB substrate 1 14 is typically about 
175°C, depending on the time of exposure and the particular PCB substrate 114 used. Typical 
plasma enhanced CVD (PECVD) operates in the range of about 250-400°C, well above the 
maximum operating temperature of the PCB substrate 1 14. These temperatures prohibit 
deposition of the insulator layer 1 12 directly on the PCB substrate 1 14 due to the damage that 
would result to the PCB substrate 114. Conversely, the low temperature deposition process 400 
of the present invention can operate at a wide range of temperatures, such as temperatures on the 
order of about 175°C and below including temperatures below about 100°C. In one embodiment, 
the deposition process 400 operates in a range of about 90-170°C. In addition, the deposition 
process 400 does not sacrifice deposition rate or layer quality in order to achieve deposition at 
these low temperatures. 

[065] The insulator layer 112 can be any one of a variety of insulator layers, such as a 
dielectric layer. In a preferred embodiment, the insulator layer 1 12 is a high-K dielectric layer 
such as silicon nitride (SiN x ). In another embodiment, the insulator layer 1 12 is Nitride Oxide. 
One of skill in the art will readily recognize that other types of insulator layers can be used with 
the low temperature deposition process 400 of the present invention. 

[066] FIG. 5 depicts one embodiment of a deposition tool 500 that can be used to deposit 

the insulator layer 1 12 on the substrate 1 14 using the low temperature deposition process 400. 
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The deposition tool 500 is used to create a high-density plasma 510, which allows deposition at 
the low temperatures described above. In one embodiment, the deposition tool 500 is the Bethel 
Material Research (BMR) HiDep2000, although any PECVD tool configured to implement the 
HDICP CVD process can be used. The deposition tool 500 contains the high-density plasma 510 
within a tubular processing chamber 502. An RF power source 504 is coupled with an antenna 
array 506, which is distributed around the circumference of the processing chamber 502. The 
antenna 506 is used to inductively couple the RF power from the RF source 504 into the 
processing chamber 5 02 . 

[067] In one embodiment, the RF power source is a 13.56 Mhz RF power source that 
inductively couples the RF power into the processing chamber 502. The amount of power 
coupled into the processing chamber or reactor 502 can vary according to the needs of the 
application. Inductively coupled power in the range of about 400-900W can be used for 
different applications, but this range is by no means intended to limit the range of acceptable 
embodiments. Magnets 508 are uniformly distributed along the base of the processing chamber 
502 and facilitate the sustainment of a high dissociation level within the high-density plasma 
510. In one embodiment, the magnets 508 are solenoidal magnets that are Faraday shielded, for 
instance, by wrapping the magnets 508 in Faraday shield copper tape. 
[068] During processing, the substrate 1 14 sits atop a chuck 512 and is exposed to the 
high-density plasma 510 in the processing chamber 502. The processing chamber 502 utilizes 
two separate sets of gas inlets 514 and 516. In the embodiment where the insulator layer 1 12 is 
silicon nitride, one set of gas inlets 514 is configured to inject nitrogen (N 2 ) gas into the 
processing chamber 502. The nitrogen gas can be used in place of ammonia (NH3) in order to 
reduce the hydrogen (H) content in the insulator layer 112. Migration of H atoms can cause a 
long-term change in the dielectric properties of the insulator layer 112. The other set of gas inlets 
516 are radially distributed above the chuck 512 and can be configured to inject silicon hydride 
(SiHU) into the processing chamber 502. At temperatures below 100°C, helium (He) can be 
introduced into the processing chamber 502 through gas inlet 518 in order to maintain a uniform 
temperature distribution throughout the substrate 1 14. 

[069] Referring back to FIG. 4, the method of depositing the insulator layer 1 12 on the 

substrate 1 14 using the low temperature process 400 is described. First, at step 402, nitrogen gas 
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is injected into the processing chamber through one set of gas inlets 514. At step 404, the silicon 
hydride is injected into the processing chamber 502 through the other set of gas inlets 516. At 
step 406, the helium is injected into the processing chamber 502 through another gas inlet 518 if 
the process 400 is occurring at a temperature below 100°C. At step 408, the power from the RF 
source 506 is inductively coupled into the processing chamber 502, increasing the energy of the 
plasma to create the high energy and high density plasma 510. Once the high-density plasma 510 
is created, the insulator layer 1 12 begins to deposit on the substrate 114. At step 410, chemical 
vapor deposition of the insulator layer 112 occurs. 

[070] While typical PECVD processes generate plasma densities on the order of 109 
ions/cm 3 , the high-density plasma 510 created by the deposition process 400 of the present 
invention can have a density several magnitudes greater than these PECVD processes, e.g., a 
plasma density in the range of about 10 11 - 10 12 ions/centimeter 3 (cm 3 ). It is this higher density 
which allows deposition to occur at low temperatures. The high-density plasma 510 also has a 
highly uniform plasma profile which allows the deposition of thin insulator layers 1 12 with 
smoother surfaces than typical PECVD processing. The smooth surface of the insulator layer 
112 allows more intimate contact with the underlying surface of the substrate 1 14, which in this 
embodiment is the signal line 105. The more uniform contact in turn provides a higher down 
state capacitance for the switch 102, which allows for improved switching performance. In one 
preferred embodiment, a smooth layer 112 surface was achieved at 90°C and 500W RF power. 
In one embodiment, the surface of the PCB substrate 1 14 is smoothed to further increase the 
amount of contact with the insulator layer 112. Preferably, this is done by a chemical mechanical 
polishing (CMP) technique, which is a standard process technique adapted to smooth out rough 
layers or surfaces. 

[071] In addition, the deposition process 400 of the present invention does not sacrifice 
layer quality or deposition rate in order to achieve low temperature deposition. The insulator 
layer 1 12 can be deposited as a dielectric layer with a thickness on the order of about 250A and 
have a dielectric breakdown of approximately 9MV/cm (Megavolts/centimeter), which is a level 
adequate for most RF applications that use actuation potentials of approximately 20-50V. This 
higher dielectric breakdown performance is due in large part to the lower pinhole densities that 
can be achieved with the low temperature deposition process 400 of the present invention. 
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[072] FIGs. 6A-J depict an embodiment of a switch fabrication process 600 of the present 
invention used to fabricate the switch 102. FIG. 6A depicts a typical PCB substrate 1 14 prior to 
processing. A PCB substrate 1 14 can typically include multiple substrate planes, or layers, to 
allow easier routing or isolation of separate electrical potentials. In this embodiment, the PCB 
substrate 1 14 includes a top metal layer 630, a dielectric layer 632 and a bottom metal layer 634. 
Each of the metal layers 630 and 634 are composed of copper or aluminum or another metal or 
combination suitable for the individual application. FIG. 6B depicts the PCB substrate 1 14 after 
the ground planes 106 and 108 and the signal line 105 have been etched into the top metal layer 
630. Each of these members 105, 106 and 108 are at substantially the same height. Etching the 
members 105, 106 and 108 to substantially the same height reduces the amount of signal 
refraction in the lines as compared to typical RF MEMS switches that use electroplating to build 
the members 105, 106 and 108 from the bottom up, leaving the signal line 105 at a lower height 
than the ground planes 106 and 108. Because only one thickness is used for the transmission line 
104, the switch 102 can be fabricated at the same time as the fabrication of the PCB substrate 
114. 

[073] FIG. 6C depicts the PCB substrate 1 14 after the insulator layer 1 12 has been 
deposited with the low temperature deposition process 400. In FIG. 6D, the insulator layer 1 12 
has been etched away so that it substantially covers only the signal line 105. FIG. 6E depicts 
the PCB substrate 1 14 after the polymer layer 640 has been deposited over the top surface. 
Preferably, the polymer layer 640 is kept as uniform as possible over the transmission line 104. 
This is because the actuatable member 1 10 will be formed above the polymer layer 640 and any 
variations in the surface height of the polymer layer can result in a structurally unsound 
actuatable member 110. 

[074] To compensate for this, the polymer layer 640 can be planarized using a planarization 
process 700 of the present invention. Polymer layer 640 is preferably a patternable polymer. In 
one preferred embodiment, polymer layer 640 is a polymide patternable by etching, e.g., 
photoresist. However, polymer layer 640 can be patternable in any manner such as through silk- 
screening and the like. FIGs. 7A-D depict an embodiment of the planarization process 700 that 
uses compressive molding planarization (COMP). FIG. 7A depicts the PCB substrate 1 14 after 

the polymer layer 640 is deposited over substrate 1 14. A physical press is later used to planarize 
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the polymer layer 640, and because the polymer layer 640 will serve as a mold for the actuatable 
member 1 10, the height of the planarized surface will define the height of the actuatable member 
1 10. In order to ensure that the polymer layer 640 is planarized to the correct height, spacers 642 
are placed on the substrate 1 14 as depicted in FIG. 7B. FIG. 7C depicts a mold 644 used to 
mold and planarize the layer 640 to the desired height as determined by the size of the spacers 
642. Mold 644 can be a press, plate, roller or any other molding mechanism. The composition 
of the mold 644 is preferably resistant to cohesion or adhesion with the polymer layer 640 so that 
a substantial amount of the layer 640 does not stick to the mold 644. The composition of the 
mold 644 is dependent on the properties of the polymer layer 640 and will vary accordingly. In 
one example embodiment, the polymer layer 640 is an AZ 4600 photoresist, and the mold 644 is 
composed of polydimethylsiloxane (PDMS) and coated with a polymer. This configuration is 
but one embodiment of the invention and does not limit the invention in any way. FIG. 7D 
depicts the planarized layer 640 after the mold 644 is removed. 

[075] FIG. 8 depicts an embodiment of the planarization process 700. At step 802, the 
polymer layer 640 is applied to the substrate 1 14. In one example embodiment, this is 
performed by spin-coating the substrate at a low speed to provide a thickness of the polymer 
layer 640 greater than the height of the transmission line 104 and sufficiently high to mold the 
actuatable member 1 10 to a desired height. Next, at step 804, the polymer layer 640 is partially 
soft-baked to dry the polymer and drive off any solvent within the polymer layer 640. This bake 
step and any other process step are preferably performed at a temperature below the maximum 
operating temperature of the substrate 114. At step 806, the spacers 642 are distributed on the 
substrate 1 14. In another embodiment, the spacers 642 are manufactured on the mold plate itself. 
[076] At step 808, the mold 644 is applied to the polymer layer 640 to planarize the surface 
of the layer 640. During step 808, heat can be applied to raise the temperature of the polymer 
layer past it's glass transition point to facilitate planarization by softening the polymer layer 640. 
This step can be repeated multiple times, for instance a first time to mold the polymer layer into a 
specific pre-determined shape, and then a second time to planarize the surface of the polymer 
layer. Alternatively, instead of repeating a second time, the polymer layer can be planarized 
using CMP or another surface smoothing or polishing technique. 
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[077] Also, in yet another embodiment, the polymer layer 640 can be patterned using 
photolithography and after each molding step 808. In this embodiment the polymer layer 640 is a 
photoresist processed according to the manufacturer's instructions to complete total curing and 
crosslinking of the layer 640. After this, the polymer layer 640 will have a higher glass transition 
point than before the cure. Thus, molding step 802-808 can be repeated to mold a new polymer 
layer 640 over the previously molded and patterned layer 640. This process can be repeated as 
desired to create high aspect structures of arbitrary complexity. At step 810, the substrate 1 14 is 
cooled and finally, at step 812, the mold 644 is removed from the layer 640, leaving the layer 640 
planarized and ready for further processing. 

[078] Referring back to FIGs. 6A-J, FIG. 6F depicts the substrate 1 14 after the polymer 
layer 640 has been planarized according to the planarization process 700 of the present invention. 
It should be noted that if the polymer layer 640 is deposited with a sufficient degree of 
uniformity, the planarization process 700 may not be needed. The polymer layer 640 is then 
patterned to form a mold for the actuatable member 1 10, as depicted in FIG. 6G. The 
conductive layer 650 is then deposited over the substrate 1 14 as depicted in FIG. 6H. The 
conductive layer 650 can be any conductive material that can operate with the desired degree of 
rigidity to allow the member 1 10 to move. The conductive layer 650 is then etched to define the 
member 110, and the remaining polymer layer 640 is then removed to leave the member 110 
isolated above the signal line 105 as depicted in FIG. 6 J. 

[079] FIG. 9 depicts an embodiment of the switch fabrication process 600 of the present 

invention. At step 902, the transmission line 104 is etched into the pre-existing top metal layer 

630. In one embodiment, the etching process is a wet etch process. In yet another embodiment, 

other system components are formed concurrently with forming the transmission line 104, 

including electrical, optical, fluidic, structural and mechanical structures and elements. Then, at 

step 904, the insulator layer 1 12 is deposited using the low temperature deposition process 400 of 

the present invention. At step 906, the insulator layer 1 12 is etched away so that it substantially 

covers only the signal line 105 in a selected area under the pre-determined placement of the 

actuatable member 110. In a preferred embodiment, this etching process is a reactive ion etching 

process. Next, at step 908, the polymer layer 640 is deposited over the substrate 1 14. At step 

910, the polymer layer 640 is planarized to create a sufficient degree of uniformity over the 

18 

DOCSOCl: 146026.2 
703538-4027 M5S 



Patent 
703538.4027 

surface of the layer 640, if a sufficient degree of uniformity does not already exist. Preferably, 
the planarization process 700 is used to planarize the polymer layer 640 at step 910. The degree 
of uniformity that is considered sufficient is dependent on the implementation and design of the 
switch 102. A sufficient degree can be any degree, of uniformity that allows the actuatable 
member 1 10 to function as desired by the application. 

[080] Then, at step 912, the polymer layer 640 is patterned to form a mold for the actuatable 
member 110. At step 914, the conductive layer 650 is deposited over the substrate 1 14. In one 
embodiment, the conductive layer 650 is deposited using a low temperature metal sputtering 
process. The low temperature sputtering process, preferably at a temperature below the 
maximum operating temperature of the substrate 1 14, tends to reduce the compressive stress and 
stress gradients that are typically found in the conductive layers 650. At step 916, the conductive 
layer 650 is etched to define the actuatable member 1 10. In one embodiment, this etch can be a 
selective wet etch. Next, at step 918, any remaining polymer layer 640 is removed. In one 
embodiment, the polymer layer 640 is removed by soaking the substrate 1 14 in acetone. Finally, 
at step 920, the substrate 1 14 is rinsed to eliminate liquid surface tension on the actuatable 
member 1 10 to avoid the actuatable member 1 10 being pulled down onto the insulator layer 112. 
In one embodiment, the substrate 1 12 is rinsed in boiling methanol. 

[081] The systems and methods described herein also provide for the monolithic integration 
of an RF MEMS system 100 not only with other MEMS systems or components, but with other 
non-MEMS components on the same substrate 1 14. One of skill in the art will readily recognize 
that there are numerous other components that can be integrated with the RF MEMS system 100. 
For RF systems, one such component that is desirable to implement on the same substrate 1 14 as 
the MEMS switch 102 is an antenna due to the high range of frequencies that can be 
implemented. In fact, a host of differing antenna configurations can be integrated with the RF 
MEMS system 100 such as two- and three-dimensional antennas, phased-array antennas, 
reconfigurable antennas and other smart antenna systems. In addition, the support circuitry for 
these antennas, such as a phase shifter for a phased array antenna, can also be monolithically 
integrated with the RF MEMS system 100. 

[082] FIG. 10 depicts one embodiment of an integrated RF system 130 of the present 

invention. RF system 130 integrates the RF MEMS system 100 described above with a non- 
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MEMS component 140. The system 130 has no loss at the component-to-component 
interconnects because all of the components 102 and 140 are integrated together on the same 
substrate 114, which also eliminates the need for matching circuits. In addition, all of the 
components of the system 130 can be fabricated concurrently. In this embodiment, non-MEMS 
component 140 is an electro-magnetic three-dimensional (3D) antenna. The RF system 130 with 
a 3D antenna can be implemented in multiple environments, such as in a mobile phone and the 
like. The antenna 140 is fabricated directly on the substrate 1 14 and is coupled with the switch 
102 by a coplanar waveguide (CPW) 142. The antenna 140 includes a bottom layer 149, a 
bottom patch 150, an upper layer 152 and vertical walls 156 and 158. For ease of illustration, the 
antenna 140 is shown upside down in FIG. 10, with its bottom layer 150 unattached. 
[083] Between the upper layer 152 and the bottom patch 150 is a dielectric plane 632 of the 
PCB substrate 1 14 (not shown). PCB substrate 1 14 can have numerous dielectric planes 632 in 
addition to ground planes and power supply planes located in different layers throughout the 
substrate 1 14. In this embodiment, RF system 130 may include additional planes that are not 
shown. The vertical walls 156 and 158 are formed in the via through-holes 196 (discussed 
below) of the PCB substrate 1 14 and couple the upper and bottom patch layers 150 and 152 
together. Because the substrate 1 14 is used as a component of the antenna 140, the electrical 
characteristics of the substrate 1 14, particularly the loss properties, should be taken into account 
before choosing a particular substrate 114. 

[084] The bottom patch 150 preferably has a semi-circular pattern and in this embodiment 
the bottom patch 150 has a quarter-circular pattern. The upper layer 152 includes an upper patch 
154, a CPW 142, a horizontal slot 160, a horizontal wall 168 and a vertical slot 170. The vertical 
walls 156 and 158 are preferably of the same size and dimensions, but will vary slightly due to 
variances in the fabrication of the via through-holes. Each vertical wall 156 and 158 has a height 
176. FIG. 11 A depicts a top view of one embodiment of the upper layer 152 of the RF system 
130. The length of the horizontal slot 160 is given as: 
(1) Si = S + 21, 

The length of the horizontal wall 168 is given as wi. The width of the horizontal slot 160 is given 
as w h . The length of the vertical walls 156 and 158 is given as w u . The length of the vertical slot 
170 is given as: 
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(2) S u = S + 21 u 

[085] Due to the presence of the two slots 160 and 170, the antenna 140 can have dual 
frequency or dual-band capabilities. The resonant frequency for the horizontal slot 160 (Fj) and 
the vertical slot 170 (F u ) is determined by the lengths of each slot, Si and S u , respectively. This 
allows the antenna 140 to be a scalable antenna, configured for multiple frequency applications. 
The length of each slot 160 and 170 can further be given as: 

(3) Si-N/2 

(4) S u = Xu/2 

where \ is the wavelength of the horizontal slot 160 and \ is the wavelength of the 
vertical slot 170. 
The wavelengths of slots 160 and 170, h and \, are given as: 

(5) h= „/i 2 V\ 




where c is the speed of light in air and e T is the dielectric constant of the PCB substrate 

114. 

[086] In one embodiment, the antenna 140 is reconfigurable. A switch 102 can be added to 
any one of the portions of the antenna 140 to alter the electrical properties of the antenna. For 
instance, the addition of a switch 102 to the vertical walls 156 and 158, the vertical slot 170, the 
horizontal slot 160 or the horizontal wall 168 can alter the electrical property of that portion, in 
turn altering the electrical properties of the antenna 140. 

[087] The CPW 142 preferably includes two ground planes 106 and 108 and a signal line 

105. Various embodiments of the CPW 142 can be implemented. FIGs. 12A-D depict four 

embodiments of the CPW 142. FIG. 12A depicts an embodiment of the CPW 142 where the 

ground planes 106 and 108 are roughly the same width as the signal line 105. FIG. 12B depicts 

a similar embodiment to FIG. 12 A, except here the ground planes 106 and 108 are coupled to the 

bottom metal layer 634 by via through holes 196 through the dielectric layer 632. FIG. 12C 

depicts an embodiment of the CPW 142 where the ground planes 106 and 108 are much wider 
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than the signal line 105 and FIG. 12D depicts a similar embodiment to FIG. 12C, except here 
the ground planes 106 and 108 are coupled to the bottom metal layer 634 by vias 196 through the 
dielectric layer 632. The use of vias 196 to provide electrical connections to the CPW 142 
through the substrate 114 allows placement of additional circuitry on the side of the substrate 114 
opposite to the CPW 142. For instance, the CPW 142 can be placed on one side of the substrate 
114 and electrically connected, by vias 196, to additional circuitry on the opposite side of the 
substrate 1 14, such as control circuitry for the CPW 142 and the like. 
[088] There are also other embodiments of CPW 142 not shown, such as a conductor 
backed CPW (CBCPW). A CBCPW has an additional ground plane on the opposite side of the 
substrate 1 14 in addition to the bottom metal layer 634, both of which are located on a PCB 
substrate plane separate from the plane where the signal line 105 is located. In another 
embodiment, a microstrip line is used instead of CPW 142. 

[089] The antenna 140 is fed by the CPW 142 which in turn is coupled with the RF device 
(not shown) that generates the RF signal to be transmitted by the antenna 140 or processes the RF 
signal received by antenna 140, or both. Typically the RF device will be an amplifier or 
transceiver. The switch 102 can reconfigure the resonant frequency of the CPW 142 and in that 
manner control the signals transmitted or received by the antenna 140. In addition, multiple 
antennas 140 can be coupled together by one or more switches 102 according to the needs of the 
individual application. 

[090] In a preferred embodiment, the CPW 142 has about a 50-ohm characteristic 
impedance, determined by the width (w), gap spacing (g) and thickness (h<j) of the substrate 1 14. 
The operation of the CPW 142 is readily apparent to one of ordinary skill in the art. To match 
the impedance of the CPW 142 with the input impedance of the antenna 140, the dimensions of 
wi8o> Ii8<> and wi 90 (See FIG. 11A) are chosen accordingly. These dimensions along with the 
length lsiit of the slit are chosen such that the associated equivalent inductance and capacitance 
provide about a 50-ohm characteristic impedance. Again, varying the impedance and 
capacitance of the CPW 142 is readily apparent to one of ordinary skill in the art. FIG. 1 IB 
again depicts a top view of one embodiment of upper layer 152 of the RF system 130. The 
length l s ii t is chosen so that the distance from point O to point P, along line 192 is one quarter of 
any wavelength between Xi and \j. 
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[091] FIGs. 13A-E depict one embodiment of the integrated fabrication process 1400, 
which is used to fabricate an integrated RF system 130. This process 1400 allows for numerous 
components 100, 102, 140 and 142 to be fabricated concurrently in one fabrication process. 
FIG. 13A depicts the PCB substrate 1 14 after the bottom patch 150 and vertical walls 156 and 
158 are formed using standard PCB processing. FIG. 13B depicts the PCB substrate 1 14 after 
the upper patch 154 and the signal line 105 as well as the ground planes 106 and 108 have been 
etched, and the insulator layer 1 12 has been deposited over the PCB substrate 1 14 using a low 
temperature deposition process of the present invention, such as low temperature deposition 
process 400. FIGs. 13C-E depicts the remaining portions of the fabrication as described above. 
FIG. 13C depicts the substrate 1 14 after the polymer layer 640 has been planarized, if needed, 
according to the planarization process 700 of the present invention. FIG. 13D depicts the PCB 
substrate 114 after the deposition and etching of the actuatable member 110 and FIG. 13E 
depicts the final structure of the integrated RF system 130. 

[092] FIG. 14 depicts one embodiment of integrated fabrication process 1400^ At step 
1402, the bottom layer 149, the upper layer 152 and vertical walls 156 and 158 are formed 
according to standard PCB fabrication techniques. At step 1404, the bottom patch 150 is formed 
in the bottom layer 149. Then, at step 1406, the upper patch 154, the signal line 105 and the 
ground planes 106 and 108 are formed in the upper layer 152. Both steps 1404 and 1406 use 
standard PCB etch processes, preferably wet etch of a pre-existing conductive layer. However, 
the steps 1404 and 1406 can also be implemented by electroplating techniques. Next, at step 
1408 the insulator layer 1 12 is deposited over the PCB substrate 1 14 using the low temperature 
deposition process 400 of the present invention. Then, at step 1410, the insulator layer 1 12 is 
etched so that the insulator layer 1 12 covers only the signal line 105, in a selected area under the 
pre-determined placement of the actuatable member 110. At step 1412, the polymer layer 640 is 
deposited over the PCB substrate 1 14 and at step 1414, the polymer layer 640 is planarized 
according to planarization process 700 of the present invention, if sufficient uniformity is not 
already present. At step 1416, the polymer layer 640 is patterned to leave a mold for the 
actuatable member 110. At step 1418, the conductive layer 650 is etched to define the actuatable 
member 1 10. Then, at step 1420, any remaining polymer layer 640 is removed and the substrate 
114 is rinsed. 
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[093] In the foregoing specification, the invention has been described with reference to 
specific embodiments thereof. It will, however, be evident that various modifications and 
changes may be made thereto without departing from the broader spirit and scope of the 
invention. For example, the reader is to understand that the specific ordering and combination of 
process actions shown in the process flow diagrams described herein is merely illustrative, unless 
otherwise stated, and the invention can be performed using different or additional process 
actions, or a different combination or ordering of process actions. As another example, each 
feature of one embodiment can be mixed and matched with other features shown in other 
embodiments. Features and processes known to those of ordinary skill may similarly be 
incorporated as desired. Additionally and obviously, features may be added or subtracted as 
desired. Accordingly, the invention is not to be restricted except in light of the attached claims 
and their equivalents. 
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